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Unparalleled temporal and spatial control of colloidal chemical processes introduces immense potential

for the manufacturing, modification, and manipulation of latex particles. This review highlights major

advances in photochemistry, both as stimulus and response, to generate unprecedented functionality in

polymer colloids. Light-based chemical modification generates polymer particles with unique structural

complexity, and the incorporation of photoactive functionalities transforms inert particles into photoactive

nanodevices. Latex photo-functionality, which is reflected in both the colloidal and coalesced states,

enables photochromism, photoswitchable aggregation, tunable fluorescence, photoactivated crosslinking

and solidification, and photomechanical actuation. Previous literature explores the capacity of photo-

chemistry, which complements the rheological and processing advantages of latex, to expand beyond

traditional coatings applications and enable disruptive technologies in critical areas including nano-

medicine, data security, and additive manufacturing.

1. Introduction

The design and application of latex, colloidal dispersions of
polymer particles in water, endures as an immense field of
innovation throughout academia and the industrial sector.
The allure of these colloids lies in the unique benefits they
offer for polymerization conditions, facile processing, and
modular modification of polymeric materials.1 Centered on
coating and adhesive applications, polymer latex currently
comprises a multi-billion-dollar global industry.2,3 While
nature provided the first example of these materials in the
form of natural rubber latex, developments in emulsion
polymerization and emulsification processes have broadly
expanded the compositions, morphologies, and functionalities
of latexes beyond polyisoprene.4 The incorporation of light-
based processes further revolutionizes these materials, yield-
ing unparalleled synthetic capability and functional responsiv-
ity to polymer colloids.

Photochemistry affords unique spatial and temporal
control to synthetic and modification processes. Light is cur-
rently the fastest mode of energy and stimulus delivery,
offering precise selectivity across the electromagnetic spec-
trum, and is readily shaped and modulated with currently

available optics technology. In latex, photochemistry enables
the precise manufacturing, modification, and manipulation of
microscopic polymer particles to revolutionize the expansive
reach of the latex industry and introduce new possibilities
for these materials in fields such a biological tracking,
drug delivery,5–7 data storage and security,8,9 and additive
manufacturing.10–12 Herein we explore leading examples of the
unique compositions and functionalities available through the
synergistic merging of latex and photochemistry.

Emulsion polymerization stands as a leading method for
synthesizing latex polymer colloids. This approach typically
involves a free radical polymerization of hydrophobic
monomer emulsified in water with amphiphilic surfactant
molecules or co-monomers. Other routes to fabricating
polymer colloids include suspension13 and dispersion14 poly-
merizations15 in addition to the emulsification of preformed
polymer solutions16 or melts.17 Photopolymerization in dis-
persed systems represents an important and heavily studied
area of research. A recent review by Jasinski et al. provides an
exhaustive summary of the advancements on this subject,18

and recent investigations by Jasinski et al. demonstrate mul-
tiple examples of the state-of-the-art for latex photopoly-
merization.19–22 Therefore, this review focuses on the other
roles of light in latex, specifically photochemical modification
and photoactivated response. This review encompasses
examples of these light-driven processes performed in
both the liquid colloidal state and the dried, coalesced film
state.
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2. Photomodification of latex

A plethora of well-known photoinitiated coupling and polymer-
ization reactions, commonly used for the synthesis and modi-
fication of polymers, offer a unique capability to alter and
access new particle structures and compositions in latex.
Light-based augmentation of polymer colloids focuses primar-
ily on chemical modification, which provides stimuli-respon-
sivity or intraparticle photocrosslinking, to improve the
mechanical properties of the resultant film after drying and
particle coalescence.

2.1 Intraparticle photocrosslinking

Thiol–ene chemistry is a prevalent click reaction, which
involves the radical-driven attachment of thiol functional
groups to alkenes.23 Thiol–ene chemistry offers an alternative
to traditional sulfur-based crosslinking (vulcanization),
enabling similar attachment of polydiene chains with
increased control of initiation and kinetics with significantly
less toxic reagents.24 Schlögl and coworkers introduced
“photo-vulcanization” of natural rubber (polyisoprene) latex
using photoinitated thiol–ene chemistry.24–26 The addition of
a radical photoinitiator and multifunctional thiol crosslinker
within the latex particles enabled photo-activated thiol–ene
crosslinking upon exposure with ultra-violet (UV) light. Light-
based processes in latex are inherently difficult as these hetero-
geneous systems typically contain nano- or micro-scale par-
ticles. Latex particles scatter wavelengths similar to and
smaller than their size (typically in the UV-visible range) and
therefore decrease the depth that incident light effectively
penetrates the colloid.27,28 A specialized “falling film” reactor
irradiated a thin film of liquid latex, enabling a continuous
reaction process, which mitigated these depth of penetration
concerns.26,29 Shown in Fig. 1, photocrosslinking in the col-

loidal latex state induced intraparticle photocrosslinking and
yielded a “prevulcanized” liquid colloid containing internally
crosslinked, discrete polymer particles in water. Upon drying,
these particles coalesced and entangled to yield a film with
crosslinked regions connected via physical entanglement of
the remaining uncrosslinked chains. Thus, this approach did
not provide long-range crosslinking throughout the film,
which limited mechanical strength and solvent resistance. In
this regard, the authors also demonstrated (with the same
chemistry) film-state UV exposure, which extended photocros-
slinking globally throughout the film rather than a particle-by-
particle basis. Other film-state photocrosslinking strategies
will be discussed in greater detail later in this review (section
3.7.1).

While thiol–ene chemistry provides an interesting analog to
sulfur vulcanization of diene rubbers, the presence of thiols
incurs undesirable odors, which may not be suitable for
certain applications requiring human exposure. Work by
Wiroonpochit and coworkers investigated an alternative
approach to intraparticle photocrosslinking of natural rubber
latex with diacrylates instead of thiols.30,31 It is interesting to
note that both Schlögl and Wiroonpchit observed only minor
inhibition by oxygen regardless of atmospheric conditions.
While the former example employed thiol–ene chemistry,
which is an oxygen-resistant click reaction, the use of acrylate
chemistry implied an additional effect to explain this insensi-
tivity. Schlögl et al. suggested that the decreased surface area-
to-thickness ratio in their reactor compared to thin film cases
(which displayed oxygen inhibition) may limit oxygen accessi-
bility to photoinitated radicals.26

Other efforts investigated more unique chemistries for
photocrosslinking beyond traditional photoinitated radical
approaches. Coumarin32–34 and cinnamate35,36 functional
groups enable “initiator-free” photocrosslinking via coupling
reactions in response to UV light. Shi and coworkers designed
novel latexes containing cinnamate functional groups within
the polymer backbone. The reversible nature of the 2 + 2 cyclo-
addition of cinnamates enabled photo-selective crosslinking
and decrosslinking within the latex particle, which resulted in
controllable changes in polymer particle diameter.37 Albuszis
et al. introduced photo-induced azide-to-nitrene decompo-
sition as a novel method for intraparticle photocrosslinking.38

As shown in Fig. 2, pendant azide moieties decomposed to
reactive nitrenes in response to UV light; these groups undergo
a variety of reactions, many of which lead to chain-chain cross-
linking. Subsequent azide–alkyne click reactions with uncon-
sumed azides enabled ligation of functional molecules to the
particles, a direction of latex modification discussed in the
next section.

2.2 Photochemical ligation, grafting, and attachment

Photolabile coupling reactions demonstrate unique promise
for the synthesis of grafted and functionalized surfaces39,40 as
well a new route to more complex polymer architectures.41–44

For polymer latex, these techniques offer unique tunability
and access to novel particle structures and reactivities.

Fig. 1 Photo-induced crosslinking of natural rubber latex in both latex-
and film-states investigated by Schlögl and coworkers. Copyright 2014.
Reprinted with permission from Elsevier from ref. 24.
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Analogous to the functionalization of inorganic nanoparticles,
both “grafting-from” and “grafting-to” techniques enable the
synthesis of “hairy” latex particles. For the former, polymer
chains are grown from the surface of the particle as a surface-
initiated polymerization. In the latter case, preformed polymer
chains are attached to the surface of a particle, typically
through click coupling reactions.

2.2.1 Photochemical grafting-from modification of latex.
Illustrated in Fig. 3, work in the Ballauff group investigated the
photo-initiated grafting-from of polyelectrolyte brushes from
the surface of polystyrene latex particles.45 Guo et al. described
the synthesis of polystyrene (PS) cores via a conventional batch
emulsion polymerization (Step 1).45,46 After formation of the
PS particles, the authors fed a polymerizable photoinitiator
into the reactor to generate a photoinitiator shell on the
surface of each particle. The photoinitiator was fed slowly
(Step 2) in “starved” semibatch conditions (slower than the
rate of polymerization) to ensure the addition of functional
shells on existing particles rather than the formation of new
particles. This photo-functional latex was then charged into a
UV reactor with acrylic acid and irradiated to polymerize poly
(acrylic acid) (PAA) brushes from the particle surfaces.

These modified latex particles exhibited stimuli-responsive
colloidal stability to both pH and salt concentration of the
aqueous phase due to the pH labile ionizability of PAA.

Tsuji et al. introduced grafting-from via the controlled
radical polymerization from latex surfaces.47 The authors

described the synthesis of poly(styrene-co-vinylbenzyl chloride)
latex particles via soap-free emulsion polymerization. Covalent
attachment of a photoiniferter to the surface via a post-
polymerization substitution reaction provided photo-reactive
latex particle substrates. Upon UV exposure, this iniferter pro-
duced a surface-bound radical, which initiated the grafting-
from polymerization of “hairs” from the particles. Shown in
Fig. 4, the “living” nature of this controlled radical polymeriz-
ation enabled the formation of block copolymer hairs, unat-
tainable by the free radical grafting techniques described pre-
viously. Copolymer hairs of N-isopropylacrylamide (NIPAM)
and acrylic acid (AA) provided responsivity to temperature, pH,
and ionic strength stimuli.

Although not a modification technique, it is important to
highlight the capability of polymerization-induced self-assem-
bly (PISA) techniques to produce colloidal polymer particles
with tailored “hairy” surface chemistry in a direct synthetic
approach.48,49 Multiple examples show the promise of photo-
polymerization to generate unique polymer particles through
photo-PISA strategies.50–54

2.2.2 Photochemical “grafting-to” modification of latex. As
discussed previously, thiol–ene chemistry is a radical-driven
coupling reaction made photoactive with the use of a radical
photoinitiator. Beyond photocrosslinking, this click reaction is
ideal for grafting-to applications due to its high efficiency, lack
of side products, and resistance to oxygen inhibition.23 Yang
and coworkers described the utilization of reversible addition–
fragmentation chain transfer (RAFT) polymerization in both
miniemulsion and homogenous solution conditions to syn-
thesize “click ready” latex particles and polymer “hair”
ligands, respectively.55 Illustrated in Fig. 5, the authors syn-
thesized amphiphilic diblock copolymers PAA-b-Poly(n-butyl
acrylate-co-cyclohex-3-enylmethyl acrylate) via RAFT polymeriz-
ation to serve as both surfactants and macro-chain transfer
agents (macro-CTA) for miniemulsion RAFT polymerization of
styrene latex particles. RAFT polymerization from the hydro-

Fig. 2 Albuszis et al. investigated (a) photo-induced azide-to-nitrene
reactions which enable photocrosslinking within polymer particles. (b)
Azide–alkyne click reactions of residual azides enables subsequent lig-
ation of particle polymers. Copyright 2016. Reproduced from ref. 38 via
Creative Commons License (CC BY-NC 3.0). Published by the Royal
Society of Chemistry.

Fig. 3 Guo et al. investigated photo-induced, surface-initiated grafting-
from polymerization of polymer “hairs” onto polystyrene latex particles.
Copyright 2003. Reproduced with permission from John Wiley & Sons,
Ltd from ref. 45.
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phobic end of these reactive surfactants yielded polystyrene
latex particles with surfaces decorated in a covalently attached
alkenes (CEA repeating units).

RAFT polymerization also generates chains with thiocarbo-
nate end groups. Facile cleavage of these groups with amines
yields primary thiol endcaps, converting the polymer chains

into “clickable” ligands. The authors irradiated a mixture of
the thiol end-capped polymer, the alkene-functionalized latex
particles, and a radical photoinitiator to complete the photo-
chemical grafting-to ligation via thiol–ene click chemistry.
The authors reported significant increases in colloidal stabi-
lity with respect to salt concentration. Recent work by Huang

Fig. 5 Yang et al. developed hairy latex particles via thiol–ene “grafting-to” of thiol-functionalized polymer chains to surface-bound alkenes.
Copyright 2015. Reproduced with permission from the American Chemical Society from ref. 55.

Fig. 4 Tsuji and coworkers designed copolymer functionalized latex particles by photoiniferter controlled radical polymerization from the surface.
Copyright 2004. Adapted with permission from the American Chemical Society from ref. 47.
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et al. explored a similar synthetic approach to fabricate
biotin-functionalized poly(methyl methacrylate) PMMA
latex spheres which immobilized fluorescein isothiocyanate
streptavidin via strong non-covalent interactions.56 As a
result, the authors show promise of photo-functionalized
latex for biomedical applications including immunofluores-
cent staining.

Recent work from the Barner-Kowollik and Bowman groups
explored wholly different chemistry for photochemical graft-
ing-to latex ligation: nitrile imine-mediated tetrazole-ene cyclo-
addition (NITEC)57,58 and nitrile imine carboxylic acid ligation
(NICAL).57 Fluorescent pyrazoline linkages, consequent of the
coupling reactions, yielded fluorescent polymer particles; a
heavily studied latex photo-response which will be discussed
later in this review.

3. Photoresponsive & photoactive
latexes

Stimuli-responsive polymer latexes remain a major topic of
investigation due to their unique combination of ideal proces-
sing and controllable function. Common target stimuli
include temperature,59,60 pH,61 and gas exposure.62,63 In par-
ticular, photochemical response represents a major focus in
this area, however, as mentioned previously, the same colloidal
structure that provides advantageously low viscosities and high
surface areas for polymer colloids also results in light
scattering.27,28 However, developments in processing tech-
niques, reactor designs,26,29,64 and even 3D printer designs10

allow for the mitigation of deleterious scattering to provide
access to the unique advantages that result from the combi-
nation of light-driven processing and latex. This section high-
lights major advances in the design of photoresponsive and
photoactive latex, covering response in both the liquid col-
loidal state and coalesced film state.

Photochemistry finds use throughout both traditional and
novel applications of polymer latex. Coatings comprise a major
portion of the latex industry, and most encounter light
exposure in some form during their application. Photoactive
latexes therefore offer an opportunity to harness or mitigate
this incident energy source. While considerable efforts center
on UV-absorption to protect substrates beneath the coating,
other strategies utilize ambient light for film-state photocros-
slinking. The colloidal morphology of latex particles provides
unique opportunities for photoresponsive behavior more
complex than film-state photocrosslinking. More recent devel-
opments investigate the incorporation of photoactive mole-
cules to access novel latex properties such as fluorescence,
photochromism, photomechanical deformation, and colloid-
state photocuring to reenvision polymer latex particles as func-
tional nanomaterials.

3.1 Light absorbance and photochromism in latex

Molecular photoactivity is founded upon absorption, which by
itself is an area of critical research for many applications that

demand controlled color or UV protection. The direct mixing
of dyes and pigments into latex represents a common
approach to alter the absorption of latex, primarily for the fab-
rication of colored paints and coatings. However, more intri-
cate approaches to controlling light absorbance and improving
color “fastness” (solvent resistance) in latex include the
covalent incorporation of reactive dyes into the polymer chains
by copolymerization during emulsion polymerization. The
resultant “covalently-colored” latexes exhibit significantly
lower dye migration and leachability (compared to those with
unbound, free dyes), yielding more resilient coloration.65–68 In
addition to coloration, other strategies, target UV resistant and
protective coatings through the incorporation of absorbing
functional groups69,70 or inorganic fillers69–74 (as demon-
strated by Aguirre et al. in Fig. 6) into the latex.

In contrast to work by Aguirre et al., Martín-Fabiani et al.
investigated the incorporation of nanoceria into polymer
latexes as Pickering dispersions and hybrid mixtures of latex
particles and ceria sol, as a result, the ceria was observed to
align in a “honeycomb” structure at particle interfaces during
coalescence.75

Photochromism describes the ability of a molecule to
switch its absorbance spectrum in response to a light stimu-
lus.76 A widely popular photochromic compound, spiropyran
(SP), serves as a highly versatile “molecular switch”, and
affords light-based control of chemical processes for a plethora
of applications.77,78 Shown in Scheme 1, spiropyran undergoes
a reversible photoisomerization to an open-ring form (mero-
cyanine) in response to UV light (365 nm) which reverses spon-
taneously or more rapidly upon exposure to visible light.79

Incorporation of spiropyran into latex typically occurs either
as a small molecule additive8 or via emulsion copoly-
merization with a reactive derivative of the photoactive
molecule9,80–82 Su et al. provided an early example of this
approach through the synthesis and miniemulsion copolymer-
ization of a modified spiropyran methacrylate monomer. The
resultant latex exhibited reversible photochromism over mul-
tiple cycles by altering exposure with visible and UV light.
Shown in Fig. 7, Abdollahi and coworkers investigated a
similar approach through the synthesis and copolymerization
of an acrylate-functional spiropyran monomer (SPEA) with
methyl methacrylate (MMA).81 The latex also possessed
epoxide groups, via copolymerization with glycidyl methacry-
late (GMA), which enabled covalent attachment to cellulose
substrates for photoactive coatings on paper.83,84 The resultant
latex exhibited reversible photochromism in both the colloidal
and film/coating states. Work from the same group by
Khakzad et al. expanded the use of spiropyran functionalized
latex to investigate systems responsive to light, pH, and CO2.

82

Shown in Fig. 8, Sharifian et al. investigated the application
of films formed from photochromic latex for optical data
storage.9 Because the absorbance spectrum of spiropyran is
wavelength dependent and reversible, the authors demon-
strated the ability to print patterns on their surfaces,
which were subsequently erased and rewritten over multiple
cycles. Other exciting applications of these materials include
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anti-counterfeiting coatings for currency and sensitive
documents.84,85

3.2 Luminescence and latex

Beyond absorbance, significant work investigates the emission
of light by latexes. Fluorescence, rapid luminescence via light
excitation,86 represents a massively researched photoresponse
for latex.87–90 Extensive investigation proves the promise of
fluorescent polymer nanoparticles as trackable molecular
probes. These provide unique insight into complex processes
including cellular uptake,33,91–95 fluid dynamics and flow
tracing,96,97 “hard sphere” atomistic models,98–100 and drug
delivery.101 Further, in both colloidal and film states, fluo-
rescent latexes enable next-generation technologies such as
cell/tissue imaging,5,92–94,101 smart coatings, fluorescent
paint,88,102 anti-counterfeiting and document security
coatings,84,85 optical data storage,9,80,92 and optical logic
gates.103

The inclusion of fluorescent molecules into polymers lends
their functionality to a wide variety of materials. Common

fluorescent moieties incorporated into latex include
spiropyran,80,81,83,84,87,91,104–107 coumarin derivatives,33,93

dipyrromethene boron difluoride (Bodipy),108 pyrozolines,109

nitrobenzo-2-oxa-1,3-diazol (NBD),98–100 tetraphenyl ethylene
(TPE),88,89 and azocarbazole (AzoCz) derivatives.92,103,110

Incorporation of fluorophores can occur through the physical
entrapment of small molecules89,90,93,96,111–114 or quantum
dots101,115,116–123,124 within particles or at their surface.
Miniemulsion polymerization is ideal for this strategy as the
preforming of emulsion droplets mitigates concerns of fluoro-
phore transport through water during particle synthesis. As
discussed earlier, radically polymerizable derivatives of
fluorophores enable the covalent attachment of these
moieties to the polymer backbone within the particle via
copolymerization.80,81,83,85,87,92,98–100,103,105,108,110,125–127

3.2.1 Spiropyran-functional latexes for photo-switchable
fluorescence. As discussed previously, spiropyran provides
photo-switchable absorption (photochromism) and has been
extensively investigated in latex systems. Interestingly, this ver-
satile molecule also provides photo-switchable fluorescence
via the same reversible, photoisomerization from the nonfluor-
escent ring-closed spiropyran isomer to the fluorescent trans-
oid ring-opened merocyanine isomer.77 As a result, the fluo-
rescence of spiropyran is selectively turned on or off. However,
this property is strongly dependent on environment, staging
an ideal opportunity for latex. Zhu and coworkers investigated
the copolymerization of an spiropyran-acrylate derivative to
yield functional latex particles via copolymerization with
styrene, MMA, and n-butyl acrylate (BA) and compared these
with analogous polymers in homogenous solution.125 In solu-

Scheme 1 Photoactivated, reversible photoisomerization of spiropyran
to colored, ring-opened merocyanine isomer.

Fig. 6 Aguirre et al. incorporated UV-absorbing CeO2 nanoparticles into latex via miniemulsion polymerization. (a and b) TEM micrographs of
hybrid latexes. (c and d) CeO2 dispersions in solvent and monomer, respectively. (e) UV absorption of films containing various CeO2 concentrations.
Copyright 2013. Reproduced with permission from the Royal Society of Chemistry from ref. 71.
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tion (toluene), neither the spiro- or mero- isomers exhibited
appreciable fluorescence. However, when incorporated into a
polymer latex particle, the mero-isomer strongly fluoresced.
The authors attribute this to the hydrophobic environment of
the particle interior, which prevented nonradiative decay or

electron-transfer pathways with solvent molecules and possibly
provided restriction to rotational mobility within SP, which
benefits fluorescence. Later work by Zhu and coworkers found
further evidence of this effect of nanoenvironment on spiro-
pyran fluorescence.91 In spiropyran-functionalized poly(capro-

Fig. 7 Abdollahi and coworkers synthesized functionalized photochromic latexes, which display reversible photo-activated pigmentation in both
colloidal (a) and film/coating states (b). Copyright 2015. Reproduced with permission from the American Chemical Society from ref. 81.

Fig. 8 Sharifian et al. investigated the application of reversibly photochromic latex films for optical data storage. (a) Reversible photochromism over
multiple exposure cycles of visible and UV light. (b) Spatially selective photo-switching enables the creation of optical patterns in photochromic
films. Copyright 2017. Reproduced with permission from the American Chemical Society from ref. 9.
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lactone) (PCL) particles, both the spiro- (green) and mero-
(red) isomers strongly fluoresced at an excitation wavelength of
420 nm, rather than just the mero- form in the styrenic/acrylic
latexes.

Traditional fluorescent molecules often exhibit decreased
fluorescence at high concentrations due to the aggregation
caused quenching (ACQ) effect.128 Illustrated in Fig. 9, Li and
coworkers developed a novel system to mitigate this effect by
ionically attaching the fluorophores to the surface of latex par-
ticles, which separated the molecules and reduced their ability
to aggregate.102 The model fluorophore, rhodamine B, is ioniz-
able and contains both negatively and positively charged moi-
eties, dependent on pH. The authors synthesized latex par-
ticles with both positively and negatively charged surfaces to
investigate attachment in different environments. Studies of

the effects of particle size, rhodamine B concentration, and
particle concentration on fluorescent properties found the
ionically bound fluorescent systems to effectively overcome
ACQ.

3.2.2 Aggregation-induced emission (AIE) in latex. Another
solution to ACQ arrived in the form of aggregation-induced
emission (AIE) luminogens, which exhibit stronger emission at
higher concentrations.129 In sum, this is primarily due to
physical confinement of intramolecular bond movement.
Their advent by Tang et al. in 2001 launched a major wave of
innovation in fluorescence technology, particularly for biologi-
cal probes.130 Zhang et al. created a radically polymerizable
AIEgen for the facile creation of fluorescent polymer nano-
particles via emulsion polymerization with styrene and acrylic
acid.131 Shown in Fig. 10, Liu and coworkers developed a

Fig. 9 Li et al. investigated the ionic attachment of rhodamine B (a) to the surface of anionically and cationically charged latex particles (b) to
reduce aggregation caused quenching (ACQ) in the resultant films (c). Copyright 2018. Reproduced with permission from Elsevier from ref. 91.

Fig. 10 Liu et al. imaged A549 cells with AIE-functional crosslinked polystyrene “dot” latex particles. Scale bar = 20 μm. Copyright 2014.
Reproduced with permission from Elsevier from ref. 132.
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difunctional AIE crosslinker for the emulsion polymerization
of luminescent crosslinked “dots”, which exhibited strong red
fluorescence and promising results for cell imaging.132 Cao
et al. report miniemulsion polymerization with the AIEgen,
1-allyl-1-methyl-2,3,4,5-tetraphenylsilole (AMTPS), also for cell
staining and imaging applications.133,134

Shown in Fig. 11, Li et al. designed polymer particles with
both photochromic (via spirooxazine, SPO) and AIE lumines-
cent (via TPE) properties with semi-continuous polymeriz-
ation.87 Interestingly, they found an energy transfer between
the SPO (acceptor) and TPE (donor) moieties, which modu-
lated the observed fluorescence from the latter. SPO in the
merocyanine isomer absorbed (400–700 nm) nearly the same
range of wavelengths emitted by the fluorescing TPE
(450–600 nm), and therefore net fluorescence of the colloid
was controllably and reversibly switched on or off with visible
or UV light, respectively.

As a unique strategy to incorporate AIEgens into latex, the
Xie group fabricated TPE-grafted silica colloids (sols) in water,
which served as seeds for semibatch emulsion polymerization
of an acrylic polymer shell around the silica core.88 As stated
previously, AIEgens require restriction of rotation for their fluo-
rescent properties. The authors found that grafting TPE onto
the silica particles provided some degree of this requisite mobi-
lity restriction. However, the addition of the acrylic shell signifi-
cantly increased fluorescence even further, which suggests
additional restriction of TPE’s intramolecular rotations by
entrapment between the silica and acrylic layers of the particle.

Recent work by Liang et al. provides interesting insight into
the advantages of the hydrophobic polymer particle environ-

ment on AIEgens.89,90 As shown in Fig. 12, the authors syn-
thesized latex particles via miniemulsion polymerization con-
taining the water-sensitive AIEgen, 1-methyl-1,2,3,4,5-penta-
phenylsilole (MPPS).

These particles exhibited temperature-dependent fluo-
rescence loss, attributed to the thermomechanical properties
of the polymer. The authors explain that while the hydro-
phobic interiors of latex particles protect MPPS from hydro-
lysis, sufficient chain mobility enabled these molecules to
migrate to the particle surface where they can be exposed to
water and hydrolyze. Decreasing chain mobility through use of
glassy polymers like polystyrene improved fluorescence stabi-
lity by kinetically trapping MPPS units away from the particle
surface. At elevated temperatures, above the Tg of the particles,
increased mobility removed this protective kinetic barrier evi-
denced by a loss in fluorescence stability.

Recent work by Li et al. introduced AIEgens into latex as
TPE-functionalized silica cores.88 Functionalized silica nano-
particles were prepared via silane coupling of a modified TPE
compound onto the surface (Fig. 13). A subsequent emulsion
polymerization using these particles as seeds yielded hybrid
organic–inorganic latex particles with fluorescent silica cores.
Subsequent film formation of the hybrid latexes yielded fluo-
rescent nanocomposite films.

3.2.3. Fluorescence resonance energy transfer (FRET) in
latex. Fluorescence resonance energy transfer (FRET) is a
phenomenon where an excited donor chromophore molecule
transfers energy through dipole–dipole interactions to an
acceptor molecule, which causes it to fluoresce.135 FRET is
used throughout chemistry and biology as a light-based

Fig. 11 Li et al. designed latex copolymers containing both AIE luminescent (TPE) and photochromic (SPO) compounds (c) to controllably modulate
fluorescence with UV/vis photoswitching (b and d). Copyright 2017. Reproduced with permission from Elsevier from ref. 87.
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Fig. 12 Liang and coworkers investigated the effects of chain mobility on the protection of water-sensitive AIEgens. (a) Below Tg, AIEgens are kine-
tically trapped away from the polymer-water interface. However, at and above Tg they can migrate to the surface and hydrolyze. (b) Increased fluor-
escence loss of MPPS as the temperature approaches the particle Tg (74 °C). Copyright 2019. Reproduced with permission from Elsevier from ref. 90.

Fig. 13 Li and coworkers designed hybrid latex particles with fluorescent AIE-functionalized silica cores. (a) TPE-modified silica nanoparticle “seed”
(b) TEM of core–shell hybrid latex particles (c) fluorescence of hybrid latex. Copyright 2019. Reproduced with permission from Elsevier from ref. 88.
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probing technique, which involves tracking the unique fluo-
rescence pattern emitted when two species (each tagged with
either a FRET donor or acceptor) are within a certain distance
of each other.136,137 Work by Winnik et al. utilized FRET as a
uniquely powerful tool for fundamental investigations into the
interdiffusion of polymer chains between particles during latex
coalescence and film formation.138–143 In the simplest
example, their strategy involves the synthesis and mixing of
donor- and acceptor-labeled latex particles followed by sub-
sequent film casting under a excitation irradiation to observe
FRET fluorescence upon interparticle polymer mixing. Paulis
et al. provided an interesting use of this approach to investi-
gate the effect of “hairy” layer length on film formation and
properties.144 Asua et al. examined the interdiffusion of
polymer chains with FRET during the film formation of
Pickering dispersions.145 Rad et al. utilizes the photoisomeri-
zation of spiropyran (Scheme 1) to provide a photo-switchable
FRET acceptor, enabling photo-switchable dual-color fluo-
rescent latex particles.92,103,110 The authors synthesized latex
particles containing both azocarbazole- and spiropyran-func-
tionalized acrylic monomers and observed energy transfer only
between the former and the zwitterionic merocyanine isomer
of the latter. In the absence of FRET, the azocarbazole moieties
fluoresced independently, emitting green visible light. During
FRET, the merocyanine isomer fluoresced red. Cerdán et al.
investigated FRET within latex particles in the colloidal state
and gained unique insight into core–shell particle mor-
phologies through inhomogeneous dye distribution through-
out the particle.146

3.3 Photothermal and photoacoustic response

Significant research has investigated the unique capabilities
afforded by photothermal latex particles, which convert inci-
dent light (typically near-infrared (NIR) or green visible light)
into heat. These particles are typically synthesized via conven-
tional techniques (e.g. emulsion polymerization) and doped
with photothermal agents such as xanthene or cyanine dyes,
Fe3O4 and gold nanoparticles, or polyaniline.147 In the col-
loidal state, transfer of photoinduced heat into the fluid sur-
rounding each particle generates a large, localized thermal gra-
dient and altered refractive index.148 This phenomenon
enables tracking of single particles by monitoring deflections
of a “probe” light beam passing near the particle surface.149

Higher excitation intensities induces dielectric breakdown and
plasma formation in the particles, creating extremely high
temperatures (104 K) in a short amount of time. The resultant
explosive expansion generates sound waves and therefore
serves as a mechanism for photoacoustic response.147 Sawada
and coworkers introduced a method to utilize this effect to
count particles, through measuring acoustic emissions with a
piezoelectric sensor, that were otherwise too small to observe
through optical techniques.149–151 Thomas et al. used anti-
body-functionalized, black latex spheres to label breast
cancer cells for photoacoustic analysis.152 The use of an ultra-
sound detector in place of piezoelectric sensors enabled photo-
acoustic imaging,153,154 however the full utilization of

polymer latex particles for this technology requires further
investigation.

Other approaches take advantage of the photothermal be-
havior of these particles as a therapy to destroy cancer cells.155

This typically involves the injection of photothermal agents
into a tumor with subsequent irradiation of the tumor. Near-
infrared (NIR) and green light have both been investigated as
excitation sources due to their ability to penetrate skin and
tissue, enabling non-invasive therapies. Asadian-Birjand et al.
report the use of crosslinked, thermoresponsive “nanogel”
(NG) crosslinked polymer particles for this purpose.156 The
authors loaded the NGs with the dye, indocyanine green, to
provide photothermal properties. The NG mitigated concerns
of poor water solubility, cytotoxicity, and protein binding of
the dye without significantly hindering its photoactive effects.
The production of singlet oxygen molecules by the dye pro-
vided an alternate anti-cancer therapy commonly referred to as
“photodynamic” therapy. From the same group, Molina et al.
introduced semi-interpenetrating polymer network (sIPN) NGs
in which the non-crosslinked component was polyaniline, a
strong NIR-absorber.157 The crosslinked network component
was poly(N-isopropylacrylamide) (PNIPAM), a well-known
thermoresponsive polymer that exhibits a lower critical solu-
tion temperature (LCST) (i.e. precipitates/clouds above approxi-
mately 32 °C). The NGs showed significant temperature
increases (ΔT ∼ 20 °C), which enabled selective killing of cells
upon NIR irradiation, establishing these particles as promising
photothermal therapy agents. Although both examples
observed LCST-based shrinkage with photoinduced tempera-
ture increases, this phenomenon occurs below average body
temperature, and therefore prevented its utilization in in vivo.
Strong et al. provided an early example of harnessing photo-
thermal shrinkage of NG’s for targeted drug delivery.158 The
authors copolymerized NIPAM with acrylamide to increase the
LCST from 32 °C to above 40 °C, and they incorporated silica-
gold nanoparticles within each NG as photothermal agents.
The NG’s were subsequently swelled with drugs and remained
loaded at physiological temperature (37 °C). In addition to the
known benefits of photothermal therapy, NIR triggered drug
release upon photothermal shrinkage of these NG’s. Chang
et al. also synthesized modified NIPAM-based NG’s with
increased LCST.159 However, this work investigated the use of
sodium copper chlorophyllin (SCC) as the photothermal agent,
with absorption tuned for green, visible light. Green light is
absorbed to a far less extent by water than NIR, allowing for a
more targeted energy delivery to the NG’s in tissue. As with the
previous example, these particles provided simultaneous
photothermal therapy and localized drug release. Recent work
by Shen and coworkers explored bioinspired PLGA based
polymer nanoparticles doped with indocyanine green which
also provided photothermal behavior that expedited the
release of doxorubicin.160 Recent work by Ding et al. investi-
gated polydopamine as an alternative, bioderived photother-
mal agent for NG-based photothermal therapy.161

As a unique direction for these materials, Shang and co-
workers investigated hybrid latexes containing both NIPAM
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copolymer particles and Fe3O4 photothermal nanoparticles for
photothermal coatings with switchable underwater oil
adhesion.162 NIR irradiation induced photothermal tempera-
ture increases in the film above its LCST, increasing hydropho-
bicity. This allowed for precise patterning of underwater sub-
strates by the spatially selective NIR irradiation. Xu et al. uti-
lized polydopamine as a low-cost photothermal nanoparticle
with a facile preparation procedure.163 The authors added a
PNIPAM shell to polydopamine to provide photothermal
release of pesticides for agricultural applications.

3.4 Photocatalysis and photo-oxidation in latex

The incorporation of TiO2 into latex has been heavily investi-
gated throughout paint and coatings industry as well as acade-
mia. TiO2 is primarily used as an opacifier for coatings;
however, its strong UV absorbance also introduces highly reac-
tive photochemistry. The well-studied photocatalysis by TiO2

involves the production of reactive singlet oxygen and hydroxyl
radicals from ambient oxygen and water in response to UV
irradiation.164,165 These reactive species react with the polymer
matrix, particularly unsaturation in polymer backbones,
leading to oxidative degradation of the film. While a large
number of efforts seek to reduce this photochemistry to
prolong longevity, primarily through modification of the
titania surface or crystalline morphology,166–169 it provides
unique opportunities for functional coatings. A major focus
utilizes these reactive species to degrade organic compounds
and bacteria, providing a photoactivated “self-cleaning”
mechanism for latex coatings.164,165,170–174 Additionally,
Martinez et al. investigated the use of TiO2-containing films to
degrade various nitrogenous oxides (NOx) from the air through
photocatalytic oxidation.175 The majority of examples mix TiO2

dispersions into latexes to create hybrid colloids.176 However,
this method is prone to aggregation of the inorganic filler,
which reduces surface area and its photocatalytic capability in
the film. Miniemulsion and related techniques address this by
incorporating TiO2 nanoparticles within each polymer latex
particle,172,177 however this encapsulation also reduces the
availability of the photocatalyst to air which hinders its
efficacy. González et al. reports the first use of Pickering mini-
emulsion polymerization to address these issues for photo-
catalytic TiO2 latexes.171 This approach yielded polymer latex
particles with titania nanoparticles presented on their sur-
faces. As a result, these photocatalytic agents were readily
accessible at the surface of coalesced films and displayed
efficient self-cleaning behavior and E. coli in response to UV
irradiation.178 Interestingly, the TiO2 nanoparticles at the
surface yielded a honey-comb distribution of these fillers in
the coalesced film. From the same group, Bonnefond et al.
provided an interesting advancement of these Pickering dis-
persions with the addition of magnetite (Fe3O4) nanoparticles
within the particles in addition to TiO2 at the surface; this
enabled facile recovery and recycling of the multifunctional
photocatalytic latex particles. In addition to TiO2, ZnO has also
been investigated as a photocatalytic agent in latex formu-

lations, with promising results of increased photocatalytic per-
formance than TiO2.

179,180

3.5 Photomechanical response

The transduction of electromagnetic radiation into mechanical
energy enables the unique ability to manipulate polymer par-
ticles with light. Mechanochemistry is a rapidly expanding
field, providing exciting capabilities to materials that include
shape memory, locomotion, and stress-analysis.181 Photo-acti-
vated mechanochemistry primarily utilizes photoisomerization
of mechanically active linkages in materials. Specifically, a
major portion of research in this area focuses on the photoi-
somerization of the azobenzene chromophore, shown in
Scheme 2. Upon irradiation at approximately 320 nm, the
molecule isomerizes to the cis form.182 It is important to note
that while one isomer dominates upon irradiation at either
wavelength, it is neither quantitative nor static; an equilibrium
exists between the two forms at all times. The rapid excitation
and relaxation between isomers results in a continuous cycling
between the cis and trans states during irradiation.

Li and coworkers discovered the curious photomechanical
deformation of polymer particles, which contained azo-
benzene units pendant to the polymer chain, shown in
Fig. 14.183,184 The authors irradiated the particles with a
p-polarized laser, which has an electric field parallel to the
plane of incidence, at 480 nm and observed an elongation of
the particles along the direction of the light polarization.
While the precise mechanism of this response remains
unknown, the authors point to similar work which examines
the photomechanical effect of azo-functional polymers in the
film state. Kumar et al. attributed the photo-induced defor-
mation of azo polymers to the trans–cis cycling of the azo-
benzene units during irradiation.185 These wagging motions
lead to “photo-induced plasticization” and local volume
changes of the glassy polymers, resulting in a mechanical
pressure between light and dark regions. This “gradient force”
therefore provides deformation of azo-functional polymers and
may contribute to the deformation observed by Li and co-
workers for azo-functional polymer latex particles. Kumar and
coworkers attribute an observed reliance of deformation on p-
versus s-polarized light on induced polarization effects. Similar
observations by Lambeth and coworkers from azo-functional
particles formed from ring-opening metathesis polymerization
(ROMP) and subsequent emulsification support these find-
ings.186 Various subsequent studies provide examples of
similar effects in many other compositions for both
pendant187–190 and main-chain azo functionalities.35

Zhou et al. provide an interesting advancement of photo-
deformable particles with the introduction of azo-functiona-

Scheme 2 Reversible photoisomerization of azobenzene.
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lized Janus latex particles.189 The authors synthesize these via
emulsification of a solution containing poly(methyl metha-
crylate) (PMMA) and the azo-functionalized polymer,
PAZO-ADMA, shown in Fig. 15. The two polymers phase-separ-
ated after particle formation, yielding Janus polymer nano-
particles. As only one half of the Janus particle is photorespon-
sive, this system enables the unique ability to study the effect
of orientation (with respect to the direction of p-polarization)
on the deformation shape. Various shapes occur as the force
alignment yields either tension or shearing forces on the
PAZO-ADMA side of the sphere. Work by Hsu and coworkers
designed “strawberry” Janus polymer particles via the blending
of an azo-functional glass with PDMS oligomers.191

Shown in Fig. 16, Hou and coworkers investigated Janus
polymer particles which contain an azo-functional liquid crys-
talline (LC) polymer on one side.192 Upon light-induced cis–
trans cycling of the azo-end groups, as discussed earlier, the
LC phase becomes amorphous and expands before eventually
engulfing the other half of the particle. Visible light reverts the
azobenzene groups primarily to the trans state and the par-
ticles revert to the Janus morphology.

Recent work by Lee and coworkers utilized photocleavable
surfactants to adjust the microphase-separated morphology
within block copolymer latex particles and elicit a change in
shape.193 In the case of hybrid particles, multiple interfaces
exist within a single particle. In addition to an investigation of
surfactant-water interactions, this study also probes inter-
actions between the surfactant and each polymer chain within
the particle. Upon irradiation of UV light, the hydrophobic
tails of the designed surfactants detached, while the hydro-
philic, water-facing head remained unchanged. As a result, the
particles remained stable in water while the relative affinity of
each polymer with the surfactant changed dramatically.
Cleavage of this hydrophobic tail reduced its affinity for poly-
styrene (in a PS-b-P2VP block copolymer) and increased its
affinity for the poly(2-vinylpyridine) (P2VP) block. Shown in
Fig. 17, this evoked a rearrangement of the block microphase
separation within the particle from an “onion-like” core–shell
morphology (where only PS interacted with the surfactant) to a
stacked lamellar morphology (where P2VP interacted with the
cleaved fraction of surfactant molecules). This latter mor-
phology necessitated a change in overall particle shape to

Fig. 14 Li and coworkers investigated the photomechanical defor-
mation of azobenzene containing polymer particles. Irradiation times of
5 (A), 10 (B), 15 (C), 20 (D), and 30 (b) min. Copyright 2006. Reproduced
with permission from the American Chemical Society from ref. 183.

Fig. 15 Zhou and coworkers investigated the photo-deformation of
Janus azo-functionalized latex particles. (a) Azo-containing copolymer
incorporated into one half of the Janus particles. (b) Effect of orientation
on shape of photo-deformed particle (c) optical micrograph of Janus
particles before (top) and after (bottom) irradiation. Copyright 2016.
Reproduced with permission from the American Chemical Society from
ref. 189.
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permit each block access to the surfactant. At high degrees of
surfactant photocleavage, the onion-like morphology returned
as the inverse case, with predominantly P2VP at the surface.

3.6 Photo-induced particle aggregation

The controlled disruption of colloidal stability in latex remains
a leading focus in latex research and provides versatility for
isolating polymer particles and/or solidifying a liquid latex by
more efficient means than drying and film formation.

Investigations encompass a variety of stimuli including solvent
dilution and centrifugation,194 pH,61,195,196 temperature,197

salt/flocculant addition,198 polymer bridging,199 shear,200 and
gas exposure.201 Light provides a rapid, low cost, selective, and
controllable stimulus, and therefore an ideal trigger for the
controlled aggregation of latex colloids.

The colloidal stability of latex particles in water relies on
their Brownian motion and repulsion from other
particles.202–204 At submicron sizes, the stochastic movement

Fig. 16 Hou et al. investigated the synthesis and photoresponse of LC azo-functionalized particles with reversible “self-engulfing” behavior.
Copyright 2018. Reproduced with permission from the American Chemical Society from ref. 192.

Fig. 17 Lee and coworkers investigated the use of photocleavable surfactants to yield changes in block microphase-separated morphology within
latex particles and, as a result, the overall particle shape. Copyright 2019. Reproduced with permission from the American Chemical Society from
ref. 193.
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of these particles dominates the gravitational force which
would otherwise cause them to sediment. Therefore, an
increase in size due to particle aggregation slows this motion
and disrupts colloidal stability. Free or covalently bound sur-
factant molecules prevent this by providing charge at the par-
ticle surface. Surface charges induce repulsion between par-
ticles due to van der Waals and double layer forces as
described by DLVO theory.202–204 The surfactant’s critical role
in colloidal stability highlights this component as the target of
most triggered aggregation mechanisms, including via photo-
chemical pathways.

Photoresponsive surfactants, or photosurfactants, enable
photolabile colloidal stability.205–207 These unique molecules
disrupt or reinforce their stabilizing capabilities by changing
shape via cis–trans isomerization, losing/altering amphiphili-
city via photoscission, changing head group polarity via chemi-
cal transformations, or coupling through polymerization or

dimerization.205 While the majority of photosurfactant studies
are limited to small molecule colloids,208 the burgeoning
investigation of these molecules for latex shows promise for a
new avenue for triggered particle aggregation.

Recent work by Jasinski et al. provides a leading example of
the promise for photosurfactants in latex.209 As described pre-
viously for photomechanical applications, azobenzene iso-
merizes to either predominately cis or trans in response to UV
or visible irradiation. Within a surfactant, this isomerization
dramatically affects how the molecule interacts with the
polymer-water interface by changing the overall polarity of the
molecule. Shown in Fig. 18, the authors suggest that upon UV
irradiation, the azo-functional surfactant, C4AzoTab, iso-
merizes to the cis form which is more water-soluble (higher
critical micelle concentration, CMC) and therefore desorbs
from the particle surface to dissolve into the aqueous phase.
As the surface becomes increasingly bare, the colloidal stability

Fig. 18 Jasinski et al. introduced the ability photo-induce aggregation of latex via incorporation of an azo-functionalized photosurfactant.
Copyright 2019. Reproduced with permission from John Wiley & Sons, Inc. from ref. 209.
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diminishes and the particles aggregate. However, this process
is reversible. Upon visible light irradiation, the surfactant
returns to predominantly the trans isomer and reinserts into
the particle surface, enabling particle redispersion. The
inclusion of a non-photosensitive and oppositely charged sur-
factant, sodium dodecyl sulfate (SDS), facilitates both aggrega-
tion and redispersion. SDS provides a low level of negative
charge at the surface which aids the overall decrease in zeta
potential as the positively charged C4AzoTAB leaves the
surface. This charge also provides enough repulsion in the
aggregated state to prevent irreversible coagulation.

In addition to photosurfactants, aggregation is induced by
the introduction of attractive interactions on the particle
surface. In this way, spiropyran-functionalized latex particles
developed by Abdollahi et al. (described previously in this
review for their photochromic properties) exhibit photo-
induced aggregation for particles containing sufficient concen-
trations of SP on their surfaces.107 Illustrated in Fig. 19, the
authors designed latex with varying amounts of SP on the
surface and observed significant size increases after UV
irradiation, with the greatest size increases corresponding with
the highest SP loadings. The authors explain that upon for-
mation of the zwitterionic merocyanine (MC) form, electro-
static and π–π interactions provide attractive interactions
without significantly affecting the overall zeta potential of the
particles. The presence of this charge (provided by the SDS in
the previous example) enables redispersion of the particles
upon photo-reversal of the MC functional group under visible
light.

The inclusion of coumarins in polymers enables a range
of photo-functionality including light harvesting and
photocrosslinking.32,34 Chung et al. provides a unique
approach to photoaggregation of latex particles via coumarin

cycloaddition photochemistry.33 The authors fabricate latex
particles from homotelechelic coumarin end-capped poly(ε-
caprolactone) oligomers via flash nanoprecipitation. The
authors report size increase of the particles in response to UV
(365 nm) due to coumarin dimerization between particles.
Analogous to previous examples, this dimerization is photore-
versible at lower wavelengths (254 nm), which enables redis-
persion of the aggregated particles. However, the size change
reported by the authors is minor compared to other examples,
evident by the appearance of a minor, higher diameter tail on
the DLS size distribution. This may be due to the slow kinetics
of coumarin dimerization, and the lack of forced localization
of these moieties at the surface, as accomplished in other
examples via seeded semibatch emulsion polymerization or
the use of reactive surfactants. Yuan et al. provides another
example of using coumarin chemistry to photochemically
cluster silane-based particles.210

3.7 Interparticle photocrosslinking

Crosslinking and network formation represent a heavily
studied research focus for both photochemistry and latex, pri-
marily to increase the mechanical properties and chemical re-
sistance of the resultant polymer film. Photocrosslinking in
latex has occurred primarily as intraparticle photocrosslinking
in the colloidal state (discussed previously), film-state photo-
crosslinking between chains from every particle after drying
and coalescence of the latex, and colloidal state interparticle
photocrosslinking to connect the dispersed latex particles and
yield a solid. The latter in particular affords exciting new
opportunities beyond traditional film and coatings
applications.

3.7.1 Film-state photocrosslinking. Latex design to yield
photocrosslinkable coatings and films has received major

Fig. 19 Abdollahi et al. investigated the (a) reversible photo-induced aggregation of spiropyran (SP) surface-functionalized latex particles. DLS
showed size increases at concentrations from 0.5% (b) to 5% SP (c). Copyright 2018. Reproduced with permission from the American Chemical
Society from ref. 107.

Polymer Chemistry Review

This journal is © The Royal Society of Chemistry 2020 Polym. Chem., 2020, 11, 3498–3524 | 3513

View Article Online

https://doi.org/10.1039/d0py00349b


attention across both academia and industry. As mentioned
previously (Fig. 1), Schlögl et al. introduced photocrosslinking
chemistry into natural latex capable of crosslinking the poly-
diene backbone in either the latex state (intraparticle cross-
linking) or after drying into the film state to yield a macro-
scopic crosslinked network.24 This light driven alternative to
traditional vulcanization chemistry provides significant advan-
tages to traditional approaches; a crosslinked network of high
molecular weight polymer can be fabricated without energy
intensive high-shear mixing and heating or the use of toxic in-
organic sulfur compounds.211,212

Incorporation of film-state photocrosslinkability also pro-
vides major advantages for the paint and coatings

industry.213–217 The resultant films after drying and coalesc-
ence of conventional latex are only physically entangled.
Because the Tg’s of many latex coatings are low to promote
film formation (low minimum film-forming temperatures,
MFFT), the mechanical properties and chemical resistance of
the entangled films are often poor. Crosslinking chemistry
addresses this problem by chemically connecting the chains
after entanglement to form a robust network. Many paint and
coating applications target substrates that undergo exposure to
sunlight and UV, and therefore photocrosslinking chemistry
exploits this readily available energy source to strengthen the
film. Alkyd resins represent one of the most studied crosslink-
able latex formulations, which is widely used in the paint

Fig. 20 Misawa et al. utilized light to manipulate and photochemically fixate latex particles via laser trapping and continuous-phase photocrosslink-
ing, respectively. (a) This process enables the forced and permanent assembly of latex particles. (b) illustrates the excellent spatial control for this
assembly process to enable fabrication of microscopic patterns. Copyright 1993. Modified and reproduced with permission from the American
Chemical Society from ref. 236.
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industry.218–221 This process involves oxidative crosslinking,
which involves hydrogen abstraction of the allylic hydrogens
adjacent to residual double bonds in unsaturated fatty acid
substituents. Photosensitizers, such as the dye Rose Bengal or
radical photoinitiators, assist this process and decrease the
time required to generate a crosslinked film.218

Other photocrosslinkable moieties for photocurable latex
coatings typically include acrylate and methacrylates213 which
are covalently or ionically incorporated into the polymer back-
bone. Typical backbones include polyurethanes,215,222–225

polyacrylics,109,214,226 or polydienes (which natively contain
crosslinkable alkenes).25,26,31 Chen and coworker incorporated
latent photocrosslinkability into latex via the design of novel
divinyl monomers, which contain alkenes of different reactiv-
ity.227 One alkene readily polymerized into the polymer back-
bone via radical mechanisms during traditional emulsion
polymerization, while the other remained unreacted, yielding
a pendant crosslinkable group. Photoinitiator and electron-
donating co-monomers were added, the latex mixture was
dried into a film, and the film was subsequently irradiated
with UV light to initiate photocrosslinking. This approach to
the synthesis of crosslinkable polymers via unsaturated repeat
units is not dissimilar from diene (butadiene, isoprene,
EPDM, etc.) polymerization in which a nonpolymerizable, yet
crosslinkable, alkene exists in the repeat units.

Work by the Kawahara group investigated the grafting of
photopolymerizable monomers onto latex surfaces to create a
crosslinkable “matrix” between the particles after drying and
UV exposure.228,229 To prevent crosslinking of the difunctional
molecule, the authors inactivated one of the ends of a diacry-
late molecule via cyclodextrin (CD) complexation. The remain-
ing acrylate then reacted with the repeat unit double bonds of
natural latex particles, generating polyisoprene particles with
grafted acrylate-CD complexes on their surfaces. Thorough
washing removed the CD complex, rendering the surface-
grafted acrylates bare and labile for photoinitated radical
crosslinking.

Recent investigations into thiol-ene20,21 and thiol-
Michael109 click reactions as step-growth polymerization chem-
istries in miniemulsion conditions provide promising results
for the synthesis of functional latexes. Because the alkenes do
not homopolymerize in these conditions, they remain as latent
crosslinking sites when polymerized in stoichiometric excess.

Recently, Badía et al. synthesized a novel, bio-based and
photo-functional monomer, piperonyl acrylate, monomer to
provide film photocrosslinking in a sustainable approach.230

Copolymerization with this monomer via emulsion polymeriz-
ation yielded piperonyl functionalized latexes. UV exposure
after drying and film formation generated radicals via photo-
lysis of these units which enabled photocrosslinking of the
film and optimization of film strength and adhesive
properties.

3.7.2 Colloid-state interparticle photocrosslinking and
attachment. Interparticle photocrosslinking in the colloidal
state, which results in the rapid immobilization of particles,
remains a burgeoning and vastly promising direction for the

future of light and latex. As one form of immobilization,
precise photoinitated attachment of particles to substrates
creates a novel fabrication strategy for the formation of nano-
structured surfaces, which are useful for optical
applications.231–233 In another direction, interparticle cross-
linking enables photoactivated liquid–solid transformations of
liquid colloids, a highly useful response for a variety of
modern technologies, in particular additive manufacturing.234

Colloidal particles are small, discrete, repulsive, and rapidly
moving throughout the continuous phase. Recent work,
described previously, investigated methods for attachment
between particles to promote aggregation in response to a
light stimulus. However, all these examples produce larger par-
ticles clusters, not anchored particles or macroscopic solids.
While some techniques rely on surface functionalization,235

other strategies explore the addition of reactive molecules to
the continuous phase to generate a network between
particles.233,236,237 Most surface-based techniques rely on
aggregation/assembly techniques to bring particles together
before immobilization and coupling; as a major advantage,
continuous-phase photoreactivity approaches circumvent that
requirement.

Misawa and coworkers investigated the use of light to
photochemically assemble latex particles, but also to precisely

Fig. 21 (a) Platform developed by Benkoski et al. enabling the photo-
initiated immobilization of latex particles assembled at an oil–water
interface. (b) This platform enables investigation of the interplay of
forces between colloidal particles and their effect on aggregation mor-
phology. Copyright 2007. Modified and reproduced with permission
from the American Chemical Society from ref. 237.
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manipulate them in three dimensions, thus forcing them into
contact with each other or a substrate beforehand.236 The
authors utilized “laser trapping”, a procedure which harnesses
the momentum change of light as it is refracted by a particle
to exert a precise force that is controllable in three dimensions.
The incorporation of the water-soluble monomer (acrylamide,
AM), crosslinker (N,N′-methylene-bisacrylamide, MBA), and
radical photoinitiator ((4-benzoylbenzyl)-triethylammonium
bromide, BBA) enabled the photo-activated network formation
in the continuous, aqueous phase around and between the
inert polystyrene latex particles. Trapping lasers (λ = 1064 nm)
moved particles into intimate contact without polymerizing
the reactive species in the continuous phase. Once in contact,
a photopolymerization laser (λ = 355 nm) excited the BBA
initiator to produce radicals and initiate gel formation pre-
cisely at the laser focal point, which was directed at the contact
area of the two spheres. Shown in Fig. 20, subsequent iter-
ations of this process (using one trapping laser to immobilize
the growing particle complex) enabled the robust and irrevers-
ible assembly of multiple particles with spatial and temporal
control. Later work by the same research group investigated
this system to attach particles and particle assemblies to a
glass substrate.238

Marksteiner et al. investigated the photochemical “gluing”
of polystyrene latex particles together by incorporating

monomer into the particles, rather than the continuous
phase.239 The authors prepared crosslinked polystyrene latex
particles and subsequently swelled them in additional,
unreacted styrene. Due to the lack of reactivity between par-
ticles, this approach required aggregation prior to polymeriz-
ation of the styrene monomer. The authors added salt to
screen the electrostatic interactions between particles, which
disrupted colloidal stability and induced aggregation.
Subsequent UV irradiation polymerized the styrene monomer
throughout the particle aggregate, providing particle–particle
attachment. This method provides a generalizable strategy;
however, it lacks the spatial control of the previous example.

Work by Benkoski et al. immobilized particles in a similar
fashion to Misawa et al., photopolymerization of crosslinkers
between particles, however the novel aggregation method prior
to photocrosslinking enabled exciting insight into colloidal
interactions. Shown in Fig. 21, the authors coated a glass
slide with the crosslinkable monomer, 1,12-dodecanediol
dimethacrylate (DDMA), and dipped it into water, forming
an oil–water interface. Latex particles, dispersed in either
phase, migrate to the interface and aggregate there.
Photocrosslinking of the oil phase locked the interface into a
solidified “fossil”. Subsequent imaging of these interfaces
enabled unique access to study the interactions and aggrega-
tion behavior for various types of colloidal particles (Fig. 21).

Fig. 22 3D printing of thermo- and photo-responsive PDMS colloids by Doyle et al. Copyright 2017. Reproduced from ref. 11 via Creative
Commons License (CC BY-NC 3.0). Published by the Royal Society of Chemistry.
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3.7.3 Light and latex for additive manufacturing. Vat
photopolymerization (VP) additive manufacturing, otherwise
termed stereolithography, is a 3D printing platform that fab-
ricates objects with light at a resolution and geometric com-
plexity beyond most other manufacturing techniques.234 This
process generates three-dimensional objects in a layer-by-
layer approach through iteratively photocuring layer “slices”
at the surface of liquid photopolymer resin with UV or
visible light. Each photocured layer is dipped below the
surface and recoated with liquid resin before repeating the
process to create the next layer. As such, photopolymer
materials must rapidly undergo a rapid and spatially selec-
tive liquid-to-solid transition in response to light exposure.
Photocuring chemistry typically relies on rapid, well-studied
crosslinking chemistry such as multi-functional acrylate
polymerization240–244 and thiol–ene click reactions.245,246

Zhu et al. provided an excellent review of colloidal materials
for 3D printing, many of which for VP are ceramic suspen-
sions and small molecule emulsions.247 Despite their mole-
cular weight, polymer colloids naturally exhibit low viscos-
ities which are ideal for this process; however, their adoption

as VP printable materials demands major innovation in latex
photochemistry.

The Doyle group investigated the unique heat-induced
aggregation, “thermogelling”, of polymer colloids with sub-
sequent photocrosslinking to irreversibly secure the particles
together.59,248 The authors introduced the water-soluble, oli-
gomeric crosslinker, poly(ethylene glycol) diacrylate (PEGDA),
to colloidal poly(dimethylsiloxane) (PDMS). Upon heating
above a critical gelation temperature, Tgel, the liquid colloid
solidifies. The authors suggest that this may be caused by
insertion of the PEGDA into multiple particle interfaces,
effectively bridging particles into a solid, physical network.
This thermal gelation effect proved reversible; however, UV-
induced radicals (via a photoinitiator) polymerized the
PEGDA in the bridged state, permanently securing the solid
network where irradiated. The Doyle group introduced this
system as an early example of the VP printing of polymer col-
loids, an exciting new application beyond the traditional 2D
applications of latex (Fig. 22).11 Using a modified printer, the
authors printed both below and above Tgel to generate hydro-
gels with either discrete PDMS particles or bridged PDMS

Fig. 23 (a) Zhang et al. printed PTFE colloids via continuous-phase photocrosslinking followed by subsequent thermal degradation of the PEGDA
scaffold and sintering of the PTFE particles. (b) 3D printed bionic insect mimics represent an intriguing application for this novel processing capability
for PTFE. Copyright 2018. Reproduced with permission from Elsevier from ref. 249.
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phases. Subsequent toluene extraction of the PDMS yielded
crosslinked PEGDA hydrogels with either continuous or dis-
crete porosity.

Shown in Fig. 23, Zhang and coworkers investigated 3D
printing colloids by a similar continuous-phase photocros-
slinking approach, however with removal of the photocured
network rather than polymer particles after printing.12,249

Their selection of a PTFE latex provided significant thermal
stability of the polymer particles over the photocured
“scaffold” that immobilized them into a 3D structure. Thermal
treatment degraded the crosslinked PEGDA and sintered the
PTFE particles without loss of macroscopic part resolution.
This enabled the additive manufacturing of a polymer with
challenging processing requirements to yield complex, porous
PTFE architectures with micron scale resolution. 3 M has
developed a commercial process similar to this approach for
VP printing of PTFE particles.250–252

Recent work in our group by Scott and
Meenakshisundaram et al. designed a versatile approach to
utilize photocurable latex to introduce high molecular weight
polymers, and their mechanical properties, to VP additive
manufacturing.10 Illustrated in Fig. 24, a continuous-phase
photocrosslinkable network enabled the requisite light-acti-
vated, liquid–solid transition to fabricate 3D architectures.
After printing, the 3D “green body” consisted of a photocros-
slinked hydrogel embedded with latex particles. Thermal post-
processing removed water and enabled the latex particles to
coalesce throughout the scaffold, yielding a semi-interpenetrat-
ing polymer network (sIPN). This novel approach to sIPN for-
mation removes the requirement for high thermal stability as
it allows particle coalescence without thermal degradation of
the scaffold. Shrinkage occurs isotopically and neither it nor
the network penetration by the latex polymers disrupt the
printed features shape and resolution. This work also intro-

Fig. 24 Scott and Meenakshisundaram et al. designed (A) a platform to harness photocurable latex for introducing high molecular weight polymers
to VP 3D printing. Images of 3D printed lattice in greenbody (B) and IPN (C). Elastomeric molds (D–G) exhibit combination of geometric complexity
and elastic performance. Copyright 2020. Reproduced with permission from the American Chemical Society from ref. 10.
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duces in situ computer-vision print parameter optimization to
mitigate light scattering by the colloids and improve feature
resolution of printed parts. As a result, this work combines the
low viscosity processing advantages of polymer latex, the
enhanced mechanical properties associated with high mole-
cular weight polymer, and the ability to fabricate structures
with unprecedented spatial and temporal control afforded by
photochemistry.

4. Future perspectives for the role of
light in latex

Photochemistry revolutionizes traditional strategies for the man-
ufacturing, modification, and manipulation of polymer latexes,
introducing new possibilities of these historic colloids as func-
tional nanomaterials. Significant research elucidates colloidal
particles as ideal nanostructures for assembly into photonic
crystals,231,232,253,254 enabling optical applications in laser232

and lens255 technology. For these applications, particles are typi-
cally concentrated and dried onto a substrate to promote self-
assembly into colloidal crystal structures. However, previously
discussed developments in particle laser trapping and attach-
ment could significantly impact this technology by allowing
precise and intentional arrangement of particles for more intri-
cate optical devices. In a similar direction, Tian and coworkers
provides an intriguing example of interparticle crosslinking to
provide tough photonic crystals.233 Recent work by Klinger and
coworkers introduces photo-degradable crosslinked polymer
particles256,257 which have clear application for triggered drug
delivery among other applications. Extensive research into semi-
batch and ab initio emulsion polymerization techniques demon-
strates uniquely precise control of latex particles over a wide
range of sizes.19,258,259 This combined with synthetic control of
surface functionality, modulus, chemical composition, and
shape, positions degradable latex particles as promising nano-
devices for selective functionality within biological systems.
Recent examples of 3D printing latex demonstrate its ability to
create crosslinked structures with controlled nanoporosity or
fabricate complex architectures of polymer compositions and
molecular weights otherwise difficult or impossible to achieve
by traditional techniques. The introduction of hybrid colloids to
this strategy suggests facile access to nanocomposite materials
as a natural advancement of their traditional use in coatings
and films. Further, this technology offers potential disruption to
fields outside of science and engineering. Decades of research
into the controlled coloration of latexes enables an immense
variety of water-based paints. Now, with the ability to 3D print
structures from latex, multi-material additive manufacturing,
and the current availability of 3D design software, artistic paint-
ing ventures can now be reimagined in three dimensions.
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